The interaction effects between sugarcane bagasse and a Brazilian coal during co-firing were investigated by means of thermal decomposition behavior, comparison between theoretical and experimental results, activation energy, and ignition temperature. The blends were prepared in the ratios of 100:0; 75:25; 50:50; 25:75; 0:100 (bagasse/coal). The interaction effect evaluated in this study was related to the interference of the bagasse volatile matter content in the coal thermal decomposition. The thermal decomposition behavior analyses were performed in a thermogravimetric balance, and the apparent activation energy was determined by two different models-model-free and local linear integral isoconversional method-under two different heating rate ranges. The results showed that the high volatile content of the sugarcane bagasse leads to more intense combustion, lower ignition temperature, and more complex reaction mechanism, as compared to coal. When the fuels are blended, there is a temperature anticipation of the events related to the decomposition of the coal portion in the mixture, the reaction rates increase and the ash formation is affected. The kinetic data also suggested that the interaction between both materials may occur and improve the burnout of the blend in relation to the pure coal firing due to the contribution of sugarcane bagasse volatile matter. Nevertheless, the presence of the bagasse did not allow to lower activation energy during the blends devolatilization process.
Introduction
There are several government programs encouraging the use of renewable fuels. New forms for supplying the energy demand should be safe, environmentally friendly, and affordable. However, the use of pure biomass firing in some industrial processes is still unattractive due to its low bulk density, high moisture content, and low calorific value. In addition, pure biomass firing is not economically feasible due to limitations of the existing technologies [1] [2] [3] .
Co-firing biomass with coal is a subject of great interest worldwide and represents an alternative technology to reduce greenhouse gas emissions, including sulfur oxides (SO x ) and nitrogen oxides (NO x ). It can also be implemented in existing coal-fired power plants, resulting in reduced capital investment [4] .
According to [4] , more than 230 coal-generating stations have operated or experienced biomass co-firing activities [4] . However, due to the differences in composition with biomass and coal, as well as the wide variety of each one, it is critical to study the thermal and kinetic behaviors of such mixtures.
Among the most used biomasses in the world, sugarcane bagasse deserves great attention, as it is grown in more than 100 countries according to [5] . In this context, Brazil presents a promising scenario, being the largest producer of sugarcane and, consequently, the largest producer of sugarcane bagasse (632.127 million tons in 2014/2015) [6] .
Moreover, South Brazil encompasses large coal reserves estimated to be 10 6 tons [7] . The knowledge regarding biomass characteristics and their blends with other fuels is essential to design, operate and model industrial conversion systems such as furnaces and boilers [8] . In addition, the knowledge of the thermal decomposition of the biomass-either pure or blended with coals-is important for the development of efficient technological processes [9] .
Thermal evaluation of biomass and coal via thermogravimetric analysis (TGA) and differential thermal analysis (DTA) has been extensively used to study interactions during solid-phase thermal decomposition. TGA allows the rapid assessment of thermal and kinetic behaviors and is a suitable tool for initial screenings. It is a well-established technique used by many to study the interaction between fuels using [10] [11] [12] [13] . Kinetic analysis has become a crucial assessment in thermal analysis, since it can provide a good prediction of process rates, material lifetimes, and an interpretation of the energy barriers and reaction mechanisms [14, 15] . Kinetic parameters can be calculated from TGA data by using model fitting or model-free methods [16] . Several kinetic models have been described in the literature, and the most commonly reported methods are Kissinger, Friedman, Flynn-Wall-Ozawa and Coast and Redfern, model-free kinetic, among others [10, 14, 16] .
Biomass has higher thermochemical reactivity over coal, due to higher volatile matter content and hydrogen/carbon molar ratio (H/C). As a consequence, synergistic effects can occur when biomass is blended with coal [17, 18] . Investigating these effects is of great importance to enable the large scale application of blend co-firing. Important of notice is that operational parameters such as heating rate and sample amount might affect the investigation of interaction effects [19] .
The occurrence of synergism in blend co-firing is a subject that generates conflicting results, especially considering the difference of experimental conditions applied by different authors [16] . For instance, Bragato et al. [19] conducted experiments in a preheated laboratory-scale electric horizontal furnace and reported a reduction in emissions when bagasse is blended with coal. Krerkkainwan et al. [20] also observed the occurrence of a synergetic effect between biomass and coal in experiments performed in a drop tube fixed-bed reactor, especially for a blending ratio of 1:1 (w/w).
Nevertheless, Kastanaki et al. [21] investigated the devolatilization behavior and the kinetics of biomass/lignite blends in a thermogravimetric analyzer and no substantial interactions between both solids fuels were observed. Idris et al. [22] conducted experiments in a thermogravimetric analyzer and concluded that biomass/coal blends seem to undergo an independent thermal degradation without any interaction effect. Sahu et al. [23] suggested that the devolatilization behavior of this type of blends is additive.
Although several studies have reported that biomass/coal blends under thermal processes may or may not present interaction effects, it is important to evaluate these interactions as a function of parameters such as blending ratio and heating rate. Various explanations based on transport and/or heat transfer limitations were used to interpret apparent discrepancies reported in the literature [24] . The improvement in coal decomposition when blend with biomass was attributed to the transference of OH and H formed from the biomass pyrolysis [19] . Potassium from the biomass appeared to promote significant catalytic effect during co-firing with coal.
The interaction activity between biomass and coal and the mechanisms of such reactions is still not well understood. Hence, the present work aims to evaluate the thermal and kinetic behaviors of blends of sugarcane bagasse and coal. Interactions of different ratio blends were evaluated for thermal decomposition, activation energy, comparison of theoretical and experimental TG curves, and ignition temperature. In this study, two kinetic models were applied to better evaluate the effects on reactivity during the blends combustion. In addition, the ignition temperature analysis was performed to investigate the influence of volatile matter on the blends decomposition.
Experimental

Solid fuels
Bituminous coal (CE4500) from Criciúma-SC, South region of Brazil, and sugarcane bagasse from the central region of São Paulo State (Brazil) were used. Prior to thermogravimetric experiments, samples were crushed and sieved to compose the average grain size range of 89.5 lm, i.e., the fraction chosen for this work was that obtained from the sieves 105 and 74 lm. Before being crushed, bagasse was washed in water during 5 min to remove all soil residues and dried in oven at 80°C for 24 h.
Samples were analyzed pure and blended in the following ratios: 100% bagasse/0 coal (100:0); 75% bagasse/ 25% coal (75:25); 50% bagasse/50% coal (50:50); 25% bagasse/75% coal (25:75); and 0 bagasse/100% coal (0:100). The efficiency of each blend was verified by TG, ash percentage, volatile matter, and fixed carbon. Tables 1  and 2 show the chemical composition and porosity characteristics of each solid fuels. Figure 1 presents their morphological structures obtained by scanning electron microscopy (SEM).
Methodology
Interaction effects (synergism) between sugarcane bagasse and coal were evaluated (a) by comparing the experimental and theoretical TG/DTG curves, (b) by evaluating the activation energy versus conversion profiles (DTG curves) under low heating rates (2.5, 5, 10°C min -1 ) and also under high heating rates (20, 25 , and 30°C min -1 ), and (c) by comparing the ignition temperatures.
For the evaluation of the thermal behavior and ignition temperature, experiments were carried out in a Shimadzu TGA-51 analyzer with the following conditions: sample mass of 7.0 ± 0.5 mg, alumina sample holder, and temperature ranging from 25 to 700°C. The thermal behavior was also evaluated by means of DTA experiments under air atmosphere and heating rate of 20°C min -1 . The ignition temperature was calculated based on Tognotti methodology [26] by comparing the TG curves in air and nitrogen (100 mL min -1 )-both obtained for a heating rate of 10°C min -1 . According to this methodology, the ignition temperature is the intersection point between both curves, where volatile matter devolatilization takes place.
The thermal behavior evaluation was performed by applying the same heating rates used during kinetic study: 2.5, 5, 10, 20, 25, and 30°C min -1 . However, here we report heating rate of 20°C min -1 because it is an intermediate ratio and the curves performed under this condition present more information about the process than the curve performed under 10°C min -1 . To simulate oxidation conditions, all experiments were performed under synthetic air flow (100 mL min -1 ). Theoretical curves were calculated based on the average values of the experimental TG and DTG curves of individual blend components according to their ratio in the blend. The additive rule for the blend 25:75 is as follows:
where m is the mass obtained from the TG curve. Kinetic parameters were obtained in a simultaneous TGA-DTA thermal analyzer (Model SDT 2960, TA Instruments), with an inert a-alumina sample holder. Prior to the experiments, the equipment was calibrated for each heating rate (2.5, 5, 10, 20, 25, and 30°C min -1 ). It was verified that the flow rate of 100 mL min -1 is the most suitable to perform the kinetic experiments as it did not cause diffusional limitations in the TG curves for the highest heating rate applied.
Kinetics evaluation was performed in order to determine the activation energies of the samples during the combustion process and to provide information about the energetic feasibility of the blends. In this study, activation energy was calculated considering the first step of decomposition, which is related to devolatilization. Decomposition temperature ranges applied for activation energy calculations are presented in Table 3 .
The activation energy (E a ) was obtained for each sample applying two different models: model-free kinetic and the local linear integral isoconversional method (LLII).
The model-free kinetics model is based on the isoconversional equation of Arrhenius, which can be described as follows:
where A and E a are kinetic parameters (pre-exponential factor and activation energy, respectively), R is the universal gas constant, and k(T) is the temperature-dependent constant, which is related to the rate of conversion (da/dt) and the reaction model f(a) according to:
The conversion rate (a) is defined as:
where m 0 is the initial mass, m f is the final mass, and m t is the mass of the sample at time (t). The model-free kinetics requires the use of at least three TG curves with different heating rates (b) by applying nonisothermal programs with linear temperature change. Combining Eqs. 2-4:
Equation 5 is the fundamental expression to calculate the kinetic parameters from TGA data. The method modelfree kinetic used in this study is based on that proposed by Vyazovkin [27] :
where E a (kJ mol -1 ) is the activation energy related to each conversion value (a), b is the heating rate (K min -1 ), T a is temperature (K), related to each a value, and g(a) is the integral form of the inverse function f(a), that is the model reaction. This isoconversional method directly leads to (-E a /R) for a given value of a by plotting the ln(b/T a 2 ) against 1/T a .
The second kinetic method applied (LLII) is also a method free of model, which is based on the interactive theorem of integral average value, analogous to the proposed by Wanjun and Donghua [28] .
This method was previously applied to evaluate the activation energy dependence in non-isothermal conditions of sugarcane bagasse and its blends with sludge [10] as well as of different kinds of wastes generated in sugarcane mills [29] .
Considering the fundamental Eq. 5, parameters E a , A, and the local heating rate b are assumed to be constant in a sufficiently short conversion range a À Da; a þ Da ½ , resulting in the function g, an integral form for kinetic model (Eq. 7): 5  262  551  190  355  175  346  195  336  208  329   5  285  579  190  357  184  356  190  353  209  343   10  296  611  205  372  200  368  204  364  211  357   20  313  645  211  373  201  378  207  370  214  370   25  322  668  213  376  209  375  218  379  230  375   30  331  676  221  380  226  380  206  385  214  376 For each value of a, in a series of n C 3 non-isothermal experiments carried out at heating rates, ðb a;i ; i ¼ 1; 2; . . .nÞ, Eq. (8) can be used to develop a linear iterative isoconversional method to estimate E a and b a , which was performed with the free Software R Ò , 3.2.1 version, using the mathematical procedures previously programmed.
Results and discussion
Thermogravimetric results Figure 2 shows the TG and DTG curves for different ratios of sugarcane bagasse and coal at heating rate of 20°C min -1 . For pure sugarcane bagasse (100:0), the mass loss occurs in three events. The first one is related to moisture loss, which occurs between 30 and 100°C. Above 200°C, the following two events of mass loss are characteristic of lignocellulosic materials decomposition. Between 200 and 360°C, the decomposition events are related to hemicellulose and cellulose decomposition, which leads to the production of volatiles [30] [31] [32] [33] [34] [35] .
As can be observed in Fig. 2b , these events overlap and can be distinguished by means of an inflection change on DTG curve at around 315°C, highlighted with the arrows. The lignin decomposition occurs between 170 and 550°C, and the peak is observed at around 460°C in Fig. 2b . For coal (0:100), thermal degradation process starts at 320°C, with an initial mass gain arising from the chemisorption of oxygen on coal surface, which will cause the thermal decomposition to happen in increasing temperature [36] [37] [38] The events of mass loss related to volatile matter combustion (primary combustion) and the char combustion (secondary combustion) are not clearly distinguished (Fig. 2a) . However, DTG curve (Fig. 2b) shows a double peak (between 330 and 640°C) related to this event.
For the blends, the events of mass loss occur in intermediate range of temperature and proportionally to the ratio of components in mixture. It is interesting to note that between 200 and 600°C there are two main events of decomposition. The first one starts around 240°C, which is close to the initial decomposition of the neat bagasse. The second event occurs at around 450°C, which is possibly related to the beginning of coal thermal decomposition.
It can be observed, by the DTG curves, that the maximum reaction rates of bagasse sample occur between 220 and 360°C and for coals, above 450°C.
The maximum reaction rates during thermal decomposition of the biomass at low temperature are attributed to the heat released due to volatile matter decomposition. On the other hand, the maximum reaction rates of coals at higher temperature are due to the char combustion, since this material has a lower volatile matter content [39] . Therefore, bagasse is more prompt to ignite and burn at lower temperatures with a higher reaction rate when compared to coal. Figure 3 shows the DTA curves related to the thermal decomposition of pure and blended samples under heating rate of 20°C min -1 . DTA curves show the sum of the heat involved in the thermal processes. It is possible to observe two exothermic events happening above 110°C. Only the first event related to moisture evaporation is a negative summation (endothermic event).
Similar results are presented in the literature. Da Silva et al. [40] reported that during the sugarcane bagasse thermal decomposition (atmospheric air, 150°C), there is an endothermic event related to moisture loss, then two ) and heating rate of 20°C min
Co-firing of blends of sugarcane bagasse and coal 1337 exothermic events: one between 180 and 430°C related to oxidation of cellulose and hemicellulose and, another between 430 and above 600°C related to oxidation of lignin and carbonaceous residue. The authors also reported a displacement of the exothermic shoulder to lower temperatures when fuels are blended (bagasse ? vinasse). The original vinasse sample shows a peak that ends above 600°C. After blending, the maximum peak intensity is displaced to temperatures between 460 and 505°C [40] . El-Sayed and Mostafa [15] also reported two exothermic peaks in DTA curves during sugarcane decomposition. According to Yuanyuan et al. [38] , the reactivity of samples can also be predicted by oxygen adsorption behavior, during the early stage of heating. The absence of mass gain in the related region of TG curve for bagasse sample suggests the formation of more unstable carbonoxygen complexes, which are easily desorbed at relatively low temperatures, increasing the reactivity of this biomass during volatiles release. Therefore, the ignition temperature of samples during combustion is affected by either volatile content or oxygen adsorption behavior.
In order to gain some insight into the interaction between coal and biomass, experimental TG/DTG curves of the blends were compared with the related theoretical curves, which were calculated based on the contribution of each component as described in Eq. 1. Figure 4 shows the comparison between theoretical and experimental TG/DTG curves obtained for the mixtures in three different ratios: 25:75, 50:50, and 75:25. The evidence toward interaction lies in differences observed between theoretical and experimental curves with regard to particular characteristics of a fuel such as ignition and burnout temperatures. Although the theoretical and experimental curves (Fig. 4) are very similar, it is possible to observe slight differences in the ash percentage, temperature of the beginning, and end of decomposition events, as well as the difference in reaction rates ( Table 4) .
Interaction effect
The anticipation of the events related to the decomposition of the coal portion in the mixture is evident mainly in the blend 50:50 under 30°C min -1 . In addition, the reaction rate related to the DTG inflection at approximately 330°C is higher in the experimental curves than in the theoretical curves. Furthermore, another important point is related to ash formation. Although the fuels composition is very heterogeneous, there is a difference in the percentage of residues between TG curves that can be noticed.
Several authors observed interaction between coal and biomass during thermal processes performed in different reactor types [1, 7, 12, 18, 22, 41] . They stated that the effects of synergism may occur due to the high amount of volatile matter present in the biomass given them high reactivity. When the blend of sugarcane bagasse and coal is fed into a reactor, biomass thermal decomposition occurs rapidly. The heat released during biomass devolatilization possibly favors the advance of the thermal decomposition of coal [18] .
From our findings, it is possible that synergistic interaction does occur. In this context, the kinetic study might enhance awareness of information about bagasse and coal co-firing process. For that, the activation energy for the thermal decomposition of the individual materials and their blends were evaluated.
Activation energy determination
The combustion kinetic of sugarcane bagasse, coals, and blends was evaluated at low heating rates (2.5, 5.0, and 10.0°C min -1 ) and high heating rates (20.0, 25.0, and 30.0°C min -1 ) applying two different models. This approach was performed to demonstrate the implications of heating conditions on the activation energy during combustion process.
The employment of low heating rates provides a more controlled environment to perform and evaluate the combustion process, contributing to the application of kinetic model. Nevertheless, we opted to evaluate the kinetics behavior also in high heating rates, to simulate a situation closer to that obtained in practice. More abrupt heating Co-firing of blends of sugarcane bagasse and coal 1339 conditions were not applied since they might cause diffusional limitations to the samples. Given the considerations above, conversion curves of coal (0:100) regarding the 1°step of decomposition under low and high heating rates are shown in Fig. 5 .
The conversion is displaced to higher temperatures as the heating rate was increased. According to Buratti et al. [42] , at high heating rates, the heat transfer inside the particles is less effective, leading to a more intense the mass loss rate and rapid decomposition. Figure 6 illustrates the results obtained for coal (0:100). It is possible to verify a good fit of the coal decomposition data in model free by means of the linear and parallel Arrhenius plots (isoconversional plots). The first step of decomposition occurs within 70-75% of heat release due to the devolatilization [43] . The activation energy values and the profile of E a versus a curves indicate the sensitivity of the reaction rate to the temperature [39] . Furthermore, these curves show the mechanism along all the degradation process.
As can be seen in Fig. 7 , the results obtained by modelfree fitting show similar values of initial E a at high and at low heating rates (around 120 kJ mol -1 to 0:100 and 150 kJ mol -1 to 100:0) for the neat samples (100:0 and 0:100). However, as the conversion advances, the E a values obtained under low heating rate present higher values than those obtained under high heating rate, but to 50:50 blend. When sugarcane bagasse and coal are blended, the E a initial values are about 75 kJ mol -1 higher under low heating rate than under high heating rate. It can be an indicative of an interaction effect of the blended materials.
It is interesting to note that the blend with the highest proportion of bagasse presented a behavior very similar to neat bagasse with regard to the increasing E a values at the end of combustion process (from 0.8 of conversion).
The results obtained by LLII model fitting show the tendency of lower E a values under high heating rate conditions. The initial E a values for the neat materials show different values, i.e., the initial E a was 50 and 100 kJ mol -1 for coal and bagasse, respectively, under high heating rate, and 100 and 175 kJ mol -1 for coal and bagasse, respectively, under low heating rate. However, it is possible to observe that the curves obtained to 75:25 and 100:0 present an intersection of the profiles that occurs around conversions of 60 and 80% to 100:0 and 75:25 curves, respectively. These findings may be related to the different kinetic models employed. The literature states that the growing dependence between E a and the conversion degree indicates parallel competitive reaction occurrence [10] . However, the intersection may be an indicative that the process changed under those conditions was dominated by reactions with decreasingly E a .
In general, the adopted model and model fitting have great influence in the E a values as well as in the E a versus a profile [44] . However, if the difference appears not only in the values but also in the E a profile, it indicates a change in the mechanism of the reactions which govern the decomposition process of biomass samples.
Comparing both models regarding heating rate, E a versus a profiles present a similar behavior for all samples-higher E a at low heating rate from 0.1 up to 0.9 of conversion, except for 50:50 obtained by model-free in which the profile is more unstable. Table 5 shows the E a and standard deviation values related to the decomposition of coal, sugarcane bagasse, and blends, between 0.1 and 0.9 of conversion obtained by model-free and LLII fitting.
As given in Table 5 , all the E a average values obtained are lower at high heating rate except for the 50:50 blend. From model-free results, the blend 50:50 presented the highest E a average value (189.74 kJ mol -1 ), more unstable profile and the highest standard deviation (22.63 kJ mol -1 ), demonstrating the complex reaction mechanism. The E a values increase as follows: 0:100 \ 75:25 \ 25:75 \ 100:0 \ 50:50 at high heating rate.
On the other hand, for 50:50 from LLII model it was obtained the lowest E a average value (87.51), a stable profile and a low standard deviation (15.50 kJ mol -1 ) and The E a values increase as follows: 50:50 \ 0:100 \ 75:25 \ 25:75 \ 100:0. Both models present a high complexity process to the 50:50 blend, but the results are obtained in the opposite way. This discrepancy may be related to the methodology applied for the activation energy determination. Although the LLII method presents more stable E a profiles (Fig. 7) , the standard deviation is higher.
The difference in E a values appears and gets bigger as the heating rate increases; hence, it is important to consider the scale of application in which the heating rate can reach 10 5°C min -1 . Given the above considerations, the interaction between fuels may cause higher effects in a real scale of co-firing.
In conclusion, if there were no interactions, the 100:0 profile would be the most complex due to the highest volatile matter content. Nevertheless, the most complex profile is obtained to 50:50 ratio, confirmed by the discrepant E a values achieved at high heating rates.
Ignition temperature determination
The ignition temperatures of sugarcane bagasse, coal, and blends have been determined from the TGA applying the deviation method proposed by Tognotti [26] . The TGA distribution for all materials under air and N 2 atmospheres is presented in Fig. 8 . Neat CE 4500 presents a higher ignition temperature (363°C) than the neat sugarcane bagasse (263°C), which is a reflection of the diversity of samples in either the chemical composition or the physical characteristics. As presented in Table 1 and Fig. 1 , sugarcane bagasse is composed by a high percentage of volatile matter with a fibrous and porous structure. Such characteristics enable the easy ignition and burnout of this biomass in relation to coal.
The ignition temperatures obtained for the blends were 272°C for 25:75, 270°C for 50:50, and 265°C for 75:25. Thus, the ignition temperature decreases as the ratio of sugarcane bagasse increases in the blend. In other words, the ignition of sugarcane bagasse (high volatile content) may enhance the ignition of CE 4500. According to Faúndez et al. [45] , when fuels with different volatile content are blended, the ignition of the higher volatile content fuel may favor the ignition of the lower volatile content fuel.
The same behavior was observed by Riaza et al. [46] blending a coal with olive residue. According to the authors, the decreasing ignition temperature is proportional to the amount of the biomass in the blend and this effect is more pronounced in high rank coals. They also stated that the ignitions properties are different when the materials are burned individually or as blends.
Therefore, the increase in the ignition temperature with the increase in coal ratio may be understood as an interaction effect. The relation between composition (in terms of volatile matter and oxygen percentage) and the contribution of bagasse devolatiquerlization on the synergism effect was only confirmed by the thermal decomposition, theoretical versus experimental and ignition temperature determination. Nevertheless, the presence of the bagasse did not allow to lower activation energy during the blends devolatilization process.
Conclusions
The interaction effect evaluated in this study was related to the interference of the bagasse volatile matter content in the coal thermal decomposition (activation energy and ignition temperature) when blended. We investigated the interaction between sugarcane bagasse and coal during cofiring using different ratios of blend. The thermogravimetric evaluation revealed that the combustion process of sugarcane bagasse is more intense than coal due to its higher volatile matter content.
The comparison between theoretical and experimental TG/DTG curves showed a temperature anticipation of the events related to the decomposition of the coal portion in the mixture in experimental condition, mainly in the blend of 50:50 and, the reaction rates were higher in the experimental curves than in the theoretical curves. Furthermore, it was observed differences in the percentage of residues, indicating an influence on ash formation when the samples are blended.
The kinetic data suggested that the interaction between both materials may occur and improve the burnout of the blend in relation to the pure coal firing due to the contribution of sugarcane bagasse volatile matter.
In conclusion, the ignition of the high volatile sugarcane bagasse was shown to enhance the ignition of coal since the ignition temperature decreases as the ratio of sugarcane bagasse increases. When the materials are blended, there is a change in the reaction mechanism and the reactions involved in the process turn more complex, as indicated by the kinetic data.
